ClpA, a bacterial member of the Clp͞Hsp100 chaperone family, is an ATP-dependent molecular chaperone and the regulatory component of the ATP-dependent ClpAP protease. To study the mechanism of binding and unfolding of proteins by ClpA and translocation to ClpP, we used as a model substrate a fusion protein that joined the ClpA recognition signal from RepA to green fluorescent protein (GFP). ClpAP degrades the fusion protein in vivo and in vitro. The substrate binds specifically to ClpA in a reaction requiring ATP binding but not hydrolysis. Binding alone is not sufficient to destabilize the native structure of the GFP portion of the fusion protein. Upon ATP hydrolysis the GFP fusion protein is unfolded, and the unfolded intermediate can be sequestered by ClpA if a nonhydrolyzable analog is added to displace ATP. ATP is required for release. We found that although ClpA is unable to recognize native proteins lacking recognition signals, including GFP and rhodanese, it interacts with those same proteins when they are unfolded. Unfolded GFP is held in a nonnative conformation while associated with ClpA and its release requires ATP hydrolysis. Degradation of unfolded untagged proteins by ClpAP requires ATP even though the initial ATP-dependent unfolding reaction is bypassed. These results suggest that there are two ATP-requiring steps: an initial protein unfolding step followed by translocation of the unfolded protein to ClpP or in some cases release from the complex. molecular chaperones ͉ green fluorescent protein ͉ protein unfolding
lp proteins form a large family of homologous ATPases that participate in many cellular functions, including DNA replication, tolerance to heat stress, control of gene expression, protein degradation, and inheritance of prion-like factors (1, 2) . ATPdependent protein unfolding and remodeling have been implicated in each of these processes, and biochemical studies revealed that the Clp ATPases are classical molecular chaperones. For example, Escherichia coli ClpA remodels inactive dimers of the plasmid P1 initiator protein, RepA, into monomers that bind DNA specifically and prevents irreversible heat inactivation of proteins (3) . Similarly, ClpX of E. coli disassembles protein complexes (4) and aggregates (5) and dissociates dimers of the initiator protein of plasmid RK2 (6) . Hsp104, a yeast Clp ATPase, and ClpB, its E. coli homologue, participate in disaggregating heat-denatured proteins in vivo and in vitro (7) (8) (9) (10) (11) . Some of the Clp ATPases assemble in complexes with proteolytic components where their ATP-dependent unfolding activity regulates proteolysis (12, 13) . For example, ClpA enables ClpP to degrade specific proteins. ClpX also activates ClpP to degrade other specific proteins. Taken together, the results show that substrate recognition resides in the ATPase component of the protease.
Clp ATPases, including ClpA, ClpX, ClpB, Hsp104, and HslU, self-assemble into oligomeric rings in the presence of ATP or nonhydrolyzable ATP analogs (14) (15) (16) (17) (18) . When complexed to a proteolytic component, such as ClpP or HslV in E. coli, the ATPase rings are at either or both ends of the proteolytic core, forming structures resembling the eukaryotic 26S proteasomes (14) . The crystal structures of ClpP and HslV reveal that, similar to the proteolytic core of the 26S proteasome, the proteolytic sites are in an internal chamber of stacked rings of identical subunits (19) (20) (21) (22) . Access to the proteolytic chamber appears to be through narrow pores at either end of the chamber. With this arrangement the active sites of the protease are sequestered from the cytoplasm and entry is regulated by the ATPase. The interaction of a substrate, RepA, with ClpAP has recently been visualized by electron microscopy. RepA is seen bound to the outside ends of ClpA, away from ClpP, in complexes made with chemically inactivated ClpP and in the presence of adenosine 5Ј-O-(3-thiotriphosphate) (ATP[␥S]) (T. Ishikawa, F. Beuron, M. Kessel, S.W., M.R.M., and A. C. Steven, unpublished data). ATP causes conformational changes in ClpA and RepA is seen in the central ClpP chamber.
From the biochemical and structural data, it was proposed that the ATPase components flanking the proteolytic core unfold the substrate and then translocate the unfolded polypeptide through the small pore into the proteolytic chamber (19, 25, 26) . We have shown that in fact ClpA translocates substrates from their binding sites on ClpA to ClpP (24) . Horwich and colleagues (27) have recently shown that ClpA catalyzes protein unfolding. They used a variant of green fluorescent protein (GFP), GFP11, in which the 11 amino acid SsrA recognition tag is fused to the carboxyl terminus of GFP. In vivo, SsrA tags are added to polypeptides that have become stalled on ribosomes (28, 29) . The released tagged proteins are then degraded by ClpAP or ClpXP (30, 31) . In vitro, a large decrease in fluorescence was observed when ClpA and ATP were incubated with GFP11 in reaction mixtures containing GroEL ''trap'' (32), a mutant which binds unfolded proteins but does not release them. Deuteriumhydrogen exchange experiments confirmed that ClpA completely unfolded GFP11.
In the current study, we explored the interaction of ClpA with native and unfolded proteins with and without ClpA recognition signals. We examined intermediates in the reaction and the role of ATP in protein unfolding by ClpA and release from ClpA or translocation to ClpP.
CCAGTAAAGGAGAAGAACTTTTCACTGG-3Ј) and 3Ј
XbaI oligonucleotide JH.055 (5Ј-TAATTCTAGATTATTTG-TAGAGCTCATCCATGCC-3Ј). The PCR product was digested with KpnI and XbaI and ligated into KpnI-and XbaI-digested pBAD24 (33) . The pBAD-RepGFP plasmid was constructed by PCR amplification of DNA coding for RepA amino acids 1-70 by using mJH2 (34) and oligonucleotides JH.063 (5Ј-TAATGAATTCACCATGAATCAATCATTTAT-CTCCG-3Ј) and JH.064 (5Ј-TAATGGTACCGCACCCTCG-GCTTTAGCTATCTCCAG-3Ј), followed by ligation into pBAD-GFP digested with EcoRI and KpnI. The sequences of the gene fusions were verified by DNA sequencing.
The following ara⌬ derivatives of MC4100 were kindly constructed by Susan Gottesman (National Institutes of Health): SG22215, clpP::cat; SG22216, clpX::kan; and SG22217, clpA::kan.
Proteins. ClpA (35) , ClpP (35) , and RepA (36) were isolated as described.
GFP and the fusion protein RepGFP were isolated from SG22215 harboring pBAD-GFP or pBAD-RepGFP. Cells were grown overnight with arabinose, collected, disrupted with a French pressure cell, and centrifuged for 1 hr at 83,000 ϫ g. For GFP the soluble fraction was extracted with ethanol and chromatographed on a phenyl-Sepharose column essentially as described (37) . RepGFP was extracted from the insoluble fraction by 50 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞5 mM EDTA containing 6 M urea and dialyzed against 50 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞5 mM EDTA. Ammonium sulfate was added to 1 M and the material was then centrifuged. The supernatant was applied to a phenyl-Sepharose column and RepGFP was eluted with a linear gradient of 1 to 0 M ammonium sulfate in 20 mM Tris⅐HCl, pH 7.5͞1 mM EDTA.
GFP, RepGFP, RepA, and rhodanese were labeled in vitro as described (24) . Protein concentrations are expressed as molar amounts of ClpA hexamers, RepA dimers, ClpP tetradecamers, and GFP, RepGFP, and rhodanese monomers.
GFP, RepGFP, and rhodanese were acid-denatured by incubating 40 pmol of protein in 50 l of 25 mM HCl, pH 1.5, for 5 min at 25°C. The proteins were guanidine⅐HCl-denatured by incubating 1.5 mg͞ml protein in 6 M guanidine⅐HCl containing 25 mM Tris⅐HCl at pH 8.0, 10 mM DTT, and 1 mM EDTA for 2 hr at 25°C. The unfolded proteins were diluted directly into reaction mixtures and used immediately. To measure degradation of acid-unfolded proteins, 50 l of acid-denatured 3 H-labeled protein (40 pmol) was diluted into reaction mixtures (100 l final volume) containing buffer A, 20 mM creatine phosphate, 6 g of creatine kinase, 160 pmol of ClpA, 200 pmol of ClpP, and 1 mM ATP[␥S]. After 5 min at 25°C, 10 mM ATP was added. After an additional 20 min, degradation was determined by measuring acid-soluble radioactivity. Degradation assays using guanidine⅐HCl-denatured proteins were carried out as described for acid-denatured proteins with the exception that buffer B replaced buffer A and 1 l of guanidine⅐HCl-denatured 3 H-labeled protein (40 pmol) was diluted into 100-l reaction mixtures.
Protein Unfolding Assay. RepGFP (40 pmol) and 200 pmol of ClpA were incubated in 100-l reaction mixtures with buffer A containing 10 mM ATP, 20 mM creatine phosphate, and 3 g of creatine kinase. Fluorescence was measured at 25°C with excitation at 395 nm and emission at 515 nm by using a Perkin-Elmer LS50B luminescence spectrophotometer equipped with a well plate reader.
Results

ClpAP Degrades a Native GFP Fusion Protein with an N-Terminal ClpA
Recognition Signal. To study the binding and unfolding of a native protein by ClpA, we constructed a derivative of GFP containing a ClpA recognition signal. GFP was chosen because it fluoresces in its native state but not in nonnative conformations (38) . We joined the amino-terminal 70 amino acids of RepA to GFP to specifically target GFP for recognition by ClpA, because previous work had shown that ClpA binds RepA with high affinity (3) and recognizes a signal residing in the amino-terminal portion of RepA (J.H. and S.W., unpublished observation). We anticipated that the fusion protein, referred to as RepGFP, would be a substrate for unfolding by ClpA and degradation by ClpAP. In a control experiment, E. coli wild-type colonies expressing GFP fluoresced when viewed under UV light (Fig. 1A) . There was no apparent difference in the fluorescent intensity of the wild-type colonies when compared with clpA⌬, clpP⌬, or clpX⌬ colonies. In contrast, when RepGFP was expressed in the same strains, the clpA⌬ and clpP⌬ colonies appeared much more fluorescent than the wild-type or clpX⌬ colonies (Fig. 1B) . These results suggest that the amino-terminal portion of RepA specifically targets GFP for degradation by ClpAP in vivo.
We purified RepGFP and GFP and tested them as substrates for degradation by ClpAP. Degradation of RepGFP but not GFP was observed, as measured by a decrease in fluorescence with time (data not shown). Analysis of the reaction mixtures by SDS͞PAGE showed directly that the RepGFP protein disappeared with time when incubated with ClpAP and ATP, whereas GFP did not (Fig. 2) . The reaction required both ClpAP and ATP. Thus, although ClpAP does not recognize native GFP, the addition of the amino-terminal 70 amino acids of RepA to GFP targets the fusion protein for degradation by ClpAP.
ClpA Binds RepGFP Without Perturbing the Native Conformation of GFP. Previous work showed that binding of RepA to ClpA involves a time-and temperature-dependent switch from a weaker, salt-sensitive, complex to a tighter, salt-insensitive, one (39) a high affinity for ClpA (Fig. 3) . The ratio of fluorescence to radioactivity of the isolated ClpA-RepGFP complex was unchanged relative to that of free RepGFP. In a control experiment in the absence of ClpA, RepGFP eluted as expected in the partially included volume (data not shown). These results show that the GFP portion of the fusion protein is not converted to a nonnative form simply upon binding ClpA. Similar results were obtained with a weaker-binding fusion protein containing the first 15 amino acids of RepA joined to GFP. Thus a 15 amino acid tag is sufficient to direct the binding of GFP to ClpA without destabilizing the GFP portion of the fusion protein.
ClpA Unfolds RepGFP in the Presence of ATP. We next wanted to know whether ClpA unfolds native RepGFP in the presence of ATP. When RepGFP was incubated with ClpA and ATP, we found that the fluorescence intensity of RepGFP decreased about 50% (Fig.  4A ). After about 40 min, RepGFP regained 80-90% of its original fluorescence, indicating that the protein was released and refolded into its native conformation (Fig. 4A) . The time required to recover the initial fluorescence was increased by adding more phosphocreatine and was decreased by omitting the ATP regenerating system (data not shown). Addition of ADP at any time during the unfolding reaction caused a rapid regain of fluorescence, suggesting release and refolding (Fig. 4A) . When an excess of another ClpA substrate, ␣-casein (Fig. 4A ) or native RepA (data not shown), was added during the unfolding reaction, fluorescence rapidly returned. Thus the decrease in fluorescence of RepGFP in the presence of ClpA and ATP is reversible and the apparent ''trapping'' of the unfolded protein by ClpA reflects repeated ATP-driven cycles of binding, unfolding, release, and refolding of RepGFP.
ClpA Sequesters Unfolded RepGFP in the Presence of ATP[␥S] and
Release of Unfolded RepGFP Requires ATP. We wanted to know whether the RepGFP unfolded by ClpA could be trapped on ClpA in its nonnative form. To address this, ClpA and RepGFP were incubated with ATP for a short time to unfold RepGFP and then a 10-fold molar excess of ATP[␥S] to ATP was added, knowing from previous experiments that ATP rapidly exchanges with ATP[␥S] bound to ClpA (39) . We found that the addition of ATP[␥S] prevented the recovery of fluorescence observed with the time-dependent depletion of ATP (Fig. 4B) . Similar results were obtained when adenylyl imidodiphosphate (AMP-PNP) was used in place of ATP [␥S] . Recovery of fluorescence could be prevented for more than 15 hr. However, fluorescence could be recovered by incubating the mixtures with low concentrations of denaturants.
It was possible that either an unfolded protein intermediate in the reaction was trapped on ClpA by the exchange of ATP with ATP[␥S] or the unfolded RepGFP was released and then rebound to ClpA upon nucleotide exchange. To distinguish between these possibilities, we added ␣-casein at the same time as ATP [␥S] . If the unfolded protein were free at the time of ATP[␥S] addition, ␣-casein should compete with the released protein and prevent its rebinding as it did when added in the presence of ATP (Fig. 4A) . The results showed that there was only a very slow increase in fluorescence, suggesting that the unfolded RepGFP was associated with ClpA, trapped in the act of unfolding (Fig. 4B) . These results suggest that both unfolding and release of the bound unfolded protein require ATP.
ClpA Binds Unfolded GFP That Lacks a ClpA Recognition Tag. The ability to trap unfolding intermediates on ClpA led us to investigate whether the requirement for a specific recognition motif could be bypassed by presenting ClpA with an unfolded untagged protein. We acid-denatured GFP, which in its native conformation is not recognized by ClpA (ref. 27 and Fig. 2) , and then diluted it into reaction mixtures with and without ClpA and ATP [␥S] . Without ClpA, unfolded GFP rapidly regained full fluorescence (t 1/2 Х 1.5 min) (Fig. 5A) . The addition of ClpA in the absence of nucleotide did not affect the rate of refolding (Fig.  5A) . In contrast, only about 40% of the initial fluorescence of 
GFP was recovered after dilution into reaction mixtures with ClpA and ATP[␥S]
, indicating that ClpA captured much of the unfolded GFP before it refolded (Fig. 5A ). When unfolded GFP was diluted into reaction mixtures with ClpA and ATP, the kinetics of recovery of fluorescence were only slightly slower than in the absence of ClpA.
We then tested whether the GFP sequestered on ClpA in ATP[␥S] could be released by the addition of ATP. The addition of excess ATP after a 5-min incubation with ATP[␥S] caused fluorescence to quickly return, indicating that ClpA released GFP upon ATP hydrolysis, and GFP regained its native conformation (Fig. 5B) . Exchange of ATP[␥S] with ADP did not result in an increase in fluorescence, suggesting that ATP was required for release (Fig. 5B) . Results obtained with GFP denatured by treatment with guanidine⅐HCl were identical to those with acid-denatured GFP (results not shown).
To confirm that the unfolded GFP was associated with ClpA in the presence of ATP[␥S], ClpA was incubated with unfolded [ 3 H]GFP and ATP[␥S] and the products were analyzed by gel filtration (Fig. 6A) . About half of the labeled GFP eluted in the excluded volume with ClpA and the rest eluted as expected for free GFP. No fluorescence was detected in the fractions containing ClpA-GFP complexes, although the free GFP in the included volume was fluorescent. When the fractions containing ClpA-GFP complexes were incubated with ATP, fluorescence was recovered, indicating release and refolding of GFP. In a control experiment, native [ 3 H]GFP was incubated with ClpA and ATP[␥S] and subjected to gel filtration. Both radioactivity and fluorescence eluted at the position of free GFP (Fig. 6B) . These results show that an unfolded protein, which lacks an exposed specific ClpA recognition signal in its folded conformation, can be bound by ClpA and held in a nonnative form. Release of the nonnative protein requires ATP.
To test whether or not a ClpA recognition tag influences binding of unfolded proteins by ClpA, we acid-denatured RepGFP and then diluted the denatured protein into reaction mixtures with ClpA and ATP[␥S] as we had done above in Fig. 5A , using denatured GFP. We found that RepGFP, like GFP, regained about 60% of the fluorescence intensity regained in the absence of ClpA, suggesting that 40% of the protein was bound by ClpA in a nonfluorescing nonnative form (Fig. 7) . When ATP was used instead of ATP [␥S] , again about 60% of the initial fluorescence was attained (Fig. 7) . After about 15 min, the fluorescence increased to the initial level. This is in contrast to the rapid refolding of denatured untagged GFP seen in the presence of ClpA and ATP (Fig. 5A ). To determine whether the unfolded RepGFP was released slowly from ClpA compared with unfolded GFP or was released rapidly, but then refolded and became a native tagged substrate for the unfolding reaction, ␣-casein was added 5 min after the addition of ClpA and ATP. If unfolded RepGFP were slow to release, there should be little effect of the competitor. We found that fluorescence returned rapidly, showing that the apparent ''trapping'' of unfolded RepGFP by ClpA in the presence of ATP is due to steady-state unfolding. In a control experiment, there was no effect of the addition of ovalbumin, a protein that is not recognized by ClpA (24) . Thus, although ClpA binds both denatured GFP and RepGFP, only RepGFP is rebound after ATP-mediated release (compare Figs. 5A and 7). These results suggest that GFP released from ClpA, although nonfluorescent and thus at least partially unfolded, is no longer in a conformation recognized by ClpA.
Native Tagged Substrates Compete with Unfolded Proteins for Binding to
ClpA. To determine whether unfolded GFP binds to the same site on ClpA as specific native proteins, we carried out competition experiments. Native RepA was mixed with ClpA, at several differ- (Fig. 8) . Ovalbumin had no effect on the recovery of fluorescence (Fig. 8) . In another experiment, ClpA and ATP [␥S] were incubated in the absence (Fig. 9A) or presence of unfolded GFP (Fig. 9B ) and then [ 3 H]RepA was added. Gel filtration analysis of the mixtures showed that preincubation with unfolded GFP significantly decreased the amount of RepA complexed to ClpA. These experiments indicate that the same or overlapping sites on ClpA bind unfolded proteins and native tagged proteins.
Unfolded Proteins Lacking Recognition Tags Are Degraded by ClpAP.
Having found that ClpA binds unfolded substrates, thereby bypassing the unfolding step, we wanted to know whether ClpAP is able to degrade unfolded proteins without recognition tags. To test this possibility, unfolded [ 3 H]GFP was diluted into reaction mixtures with ClpAP and ATP[␥S] to trap the substrate and then a 10-fold molar excess of ATP to ATP[␥S] was added. After a short incubation, degradation was measured. We found that ClpAP degraded unfolded GFP but not native GFP (Fig. 10) . ATP stimulated degradation about 10-fold, even though the ATP-mediated unfolding reaction apparently had been bypassed. ClpA was essential, indicating that the unfolded protein could not simply diffuse into ClpP and be degraded. When the first incubation with ATP[␥S], designed to trap the substrate, was omitted, a similar amount of degradation was seen (Fig. 10) . GFP denatured in guanidine was similarly trapped and degraded by ClpAP. To test whether ClpAP could recognize and degrade other unfolded proteins, we performed a similar experiment with unfolded [ 3 H]rhodanese. We found that unfolded rhodanese was degraded by ClpAP but native rhodanese was not. The requirements for degradation were the same as for unfolded GFP (Fig.  10) . There was no difference in the degradation of rhodanese unfolded with guanidine⅐HCl compared with rhodanese unfolded by acid treatment (data not shown).
These experiments demonstrate that ClpAP degrades untagged substrates if the initial unfolding step is bypassed. The observation that degradation is stimulated 10-fold by ATP suggests that there is a second ATP-requiring step in the degradation pathway in addition to ATP-dependent unfolding. One possible energy-requiring reaction may be the translocation of unfolded proteins from ClpA to ClpP.
Discussion
The current results add several features to the model of protein unfolding by ClpA and degradation by ClpAP (Fig. 11) . Briefly, native proteins with exposed ClpA recognition signals are bound by ClpA in a reaction requiring ATP binding but not hydrolysis and in which the role of ATP can be mimicked by ATP [␥S] . We have shown that the act of binding to ClpA does not necessarily destabilize the native structure of a protein fused to a ClpA recognition signal. Upon ATP hydrolysis, ClpA mediates unfolding of a bound native substrate. If ATP hydrolysis is interrupted by addition of a nonhydrolyzable ATP analog, ClpA sequesters the unfolded protein intermediate and its release requires additional ATP. It remains to been seen where on ClpA this reaction is taking place, but it is tempting to speculate that it is in the cavity of ClpA by analogy to GroEL (40) . Release or translocation to ClpP requires ATP, suggesting another ATP-dependent step in the pathway in addition to ATP-dependent unfolding.
We have shown that in a reaction bypassing the initial specific binding and ATP-dependent unfolding reactions, unfolded proteins lacking specific recognition signals are bound by ClpA and maintained in a nonnative conformation. This suggests that there are other recognition sites, perhaps simply hydrophobic regions, that become exposed after the initial binding reaction that contribute to the stability of the complex between ClpA and the substrate. Interestingly, ClpX is unable to bind unfolded proteins that lack specific recognition signals (41) . However, unfolded tagged proteins are bound by ClpX with higher affinity than native tagged proteins (41) . Those observations in combination with the ones presented here suggest that there are additional substrate binding sites on substrate proteins that become exposed during the unfolding reaction. Sauer, Baker, and their colleagues proposed that SSD (sensor and substrate discrimination) domains discriminate between specific and nonspecific substrates, binding only the specific substrates (28, 42, 43) . The finding that the initial binding of specific proteins competes with binding of unfolded nonspecific proteins implies that binding to specific sites may occlude binding at unfolded protein sites. Alternatively, the initial substrate binding may not be to the SSD domain. Further study is necessary to answer this question.
The in vitro finding that ClpA binds unfolded proteins and ClpAP degrades unfolded proteins raises the question as to whether this reaction may occur in vivo. It has previously been shown that ClpA mutants are slightly defective in degrading abnormal canavanyl proteins and that ClpA levels increase during heat stress, although not in a 32 -dependent manner (44) . Is has also been shown that abnormal proteins synthesized during starvation are stabilized in ClpA mutants (23) . Based on the high-affinity interaction observed between unfolded proteins and ClpA in vitro, ClpA may play at least a limited role in vivo by interacting with unfolded proteins that escape surveillance by the predominant chaperones.
